The Golgi complex is considered the central station of the secretory pathway where cargo proteins and lipids are properly modified, classified, packed into specific carriers and delivered to their final destinations. Early electron microscope studies showed the extraordinary structural complexity of this organelle. However, despite the large volume of incoming and outgoing traffic, it is able to maintain its architecture, although it is also flexible enough to adapt to the functional status of the cell. Many components of the molecular machinery involved in membrane traffic and other Golgi functions have been identified. However, some basic aspects of Golgi functioning remain unsolved. For instance, how cargo moves through the stack remains controversial and two classical models have been proposed: vesicular transport and cisternal maturation. Since neither of these models explains all the experimental data, a combination of these models as well as new models have been proposed. In this context, the specific role of the cisternae, vesicles and tubules needs to be clarified. In this review, we summarize our current knowledge of the Golgi organization and function, focusing on the mechanisms of intra-Golgi transport.
Introduction
Eukaryotic cells are highly compartmentalized in organelles, which are surrounded by membranes. Every compartment has its own composition, structure, and function. However, these elements are not totally isolated because there is a continuous flow of components between them. Endocytic and secretory routes are complex processes involving formation, movement, and fusion with the specific targets of transport carriers. Palade was a pioneer in this field by establishing that newly synthesized proteins in the endoplasmic reticulum (ER) move to the Golgi complex (GC) and they are packed in secretory granules before being secreted [1] . Although this concept is a dogma in cell biology, some proteins bypass the GC on their way to the cell surface, a process known as unconventional trafficking [2] . The central role of the GC in the secretory pathway is nowadays understood [3, 4] . The GC receives newly synthesized proteins and lipids from the ER. This cargo is classified, packed, and delivered to the final destination, but is extensively modified on the way, mainly involving the glycosylation of proteins and lipids. Recently, a key role in many cellular processes has been associated with this compartment including microtubule nucleation, signaling, and calcium homoeostasis [5] . In recent decades the molecular machinery involved in many of these processes has been identified. Progress in the field is directly related with the application of new methodologies such as live cell imaging [6] [7] [8] , organelle proteomics [9, 10] , functional genomics [11] , high-resolution immunocytochemistry [12, 13] , correlative light-electron microscopy [14] , and electron tomography [15] . However, despite the huge amount of detailed information available, there are still many questions opened and some basic principles remained to be completely understood. This paper presents an overview of Golgi organization, focusing on the mode of intra-Golgi transport. For details of the topic treated in this paper and other aspects of Golgi function such as post-Golgi/TGN transport, signaling, structure in lower organisms, or behavior during cell death and division, many excellent reviews can be consulted [5, [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Golgi Organization
Under electron microscopy, the GC can be unambiguously identified from its singular appearance. It is usually composed of 3-9 stacked flat cisternae forming the Golgi stack or dictyosome, surrounded by tubulovesicular elements [25] [26] [27] these organelles [28] . The primary role of the stack is the glycosylation of proteins and lipids. In the GC, there are glycosidases, nucleotides sugar transporters, and at least 200 different glycosyltransferases [37] , few of which are homogeneously distributed through the Golgi stack. For example, enzymes associated with early and late steps of glycosylation are predominantly found at the cis and trans sides, respectively. Peptide-GalNAc-transferase and GlcNAcphosphotransferase are associated with the cis Golgi, mannosidase I and II, GlcNAc transferase I and phosphodiesterase to the medial Golgi, and -1,4-galactosyltransferase and -2,6-sialyltransferase to the trans side [38] . Most proteins associated with the Golgi function (matrix proteins, Rabs, SNARE, etc) also show a polarized distribution. There is also a cis-trans gradient of cholesterol and sphingolipids [39, 40] . The retention of transmembrane proteins within Golgi membranes depends on protein-protein interactions, the composition and length of the transmembrane domain and cytoplasmic tail, the lipid environment, and their binding affinity to coat complexes, whereas the localization of peripheral membrane proteins depends on protein-protein interaction and the posttranslational addition of lipids [41] . It should be noted that such polarization is not strict but, rather, proteins show a gradient-like distribution suggesting a dynamic equilibrium. Supporting this concept, the location of N-acetylgalactosaminyl transferase, the enzyme that initiates O-glycosylation, is regulated by growth factors that can induce its redistribution to the ER [42] .
Associated to the cis Golgi side of the Golgi stack, there is a tubulovesicular system known as the cis-Golgi network (CGN). This is formed of tubules connected to the first Golgi cisterna [43] [44] [45] [46] , a cisterna containing many fenestrations [28] . In early electron microscopical studies, these tubules were selectively stained with reducing osmic for prolonged times. The boundaries and the functional relationship of this tubular network connected to the stack and ER-derived preGolgi tubule-vesicular elements (see below) remain to be established.
The trans-Golgi network (TGN) is located at the trans side and is the place where proteins are sorted, packed, and delivered to their final destination (endolysosomal system, apical or basolateral membranes, secretion). It is also the compartment where secretory and endocytic routes converge [47] . In the TGN the final steps of glycosylation (including sulfation and sialylation), serine-linked O-phosphorylation, and the proteolytic processing of hormone precursors take place. The organization of these membranes depends on cell type. Usually the TGN is formed by a network of tubulovesicular membranes connected to one or two transmost cisternae, while secretory cells, containing immature secretory granules. However, the TGN may be an independent compartment adjacent to the stack or, conversely, at some distance from the same [48] [49] [50] [51] . The tubular component is extensive in cells with a well-developed lysosomal system and reduced in secretory cells. The structural variability of the TGN may be due to its capacity to secrete different types of cargo [52] , and it is not clear whether this compartment is divided into subdomains representing specialized exit sites for different destinations [22, 53, 54] . Although functionally and structurally connected, the TGN and Golgi stack are different compartments, as demonstrated in the use of brefeldin A. This fungal drug induces the tubulation of both compartments but fusion with the endosomal system or ER, respectively [55] . The pH of the TGN is more acidic than the medial/trans cisternae (6.58 and 5.91, resp.) [56] .
The structure of the GC is supported by the so-called Golgi matrix, a ribosome-free area surrounding the cisternae and formed by structural proteins. This matrix is visualized by electron microscopy as small fibers connecting the cisternae [57] and also connecting the Golgi membranes and transport vesicles [58] . A large number of Golgi matrix components have been identified, including Golgi reassembly stacking proteins (GRASPs) and golgins [59] , with GM130 being the first component identified [60] . Some of the components were identified as autoantigens and others were isolated from detergent-insoluble salt-resistant Golgi fractions [61] . These components are very dynamic and cycle between membraneassociated and a cytoplasmic forms, process that depends on posttranslational modifications such as phosphorylation. Matrix proteins are involved in the regulation of membrane traffic and the maintenance of the Golgi structure. More recently, the matrix has been related to microtubule organization, signaling, and regulation of apoptosis and cell cycle [59] .
The organization of the Golgi ribbon also depends on the microtubule and actin cytoskeleton [62, 63] . In nonpolarized cells, stacks are distributed around the microtubule organization center (MTOC), usually close to the nucleus [64, 65] . However, microtubules are not essential for other functions such as glycosylation or global secretion. The final position of the ribbon and transport into or from this organelle is determined by the action of molecular motors. The movement of transport carriers from the periphery to the GC at the cell centre is mediated by the minus-end-directed motor dynein. This motor and its cofactor, dynactin, are essential for maintenance of the perinuclear position of the Golgi ribbon [66] . The movement in the opposite direction is mediated by the plus-ended-directed motor kinesin. Interestingly, the GC is able to nucleate and stabilize microtubules acting as a secondary MTOC [67] . The cis-Golgi protein GMAP210 recruits -tubulin to this organelle. AKAP450, atubulin-interaction centrosomal protein, is also found at the Golgi, after recruitment by GM130 [68] . At the trans-Golgi, the nucleation of microtubules depends on microtubulebinding proteins, CLASPs, which are recruited to the Golgi membranes through the golgin GCC185 [69] . This process is necessary for polarized secretion and the maintenance of the Golgi ribbon [70] . On the other hand, actin has been associated with coated transport vesicles and buds [71] . Golgi membranes also contain molecules, such as Arp2/3, N-WASP, or cdc42, that trigger actin polymerization [72] . Actin filaments and actin-associated proteins are involved in post-Golgi [73] and Golgi-to-ER [74] transport. Interestingly, the action of the microtubule and actin cytoskeletons is coordinated [75] . One of the factors involved in this link is the protein WHAMM (WASP homology associated with actin, membrane, and microtubules), which is present in the Golgi and pre-Golgi elements. This protein has domains that bind actin-binding proteins, such as profilin and Arp2/3, a domain that directly bind microtubules and a domain required to bind lipids [76] . WHAMM regulates carrier morphology during intracellular transport [77] .
Transport Carriers: Vesicles
The stacks are surrounded by small vesicles of different sizes and many of them are coated. For example, in two adjacent stacks of NRK cells, of the ∼400 vesicles found, one half were coated [28] . Three different types of coat complexes have been identified and characterized in detail (COPI, COPII, clathrin), although the existence of other coat complexes cannot be rejected.
Clathrin-coated vesicles were the first to be identified [78, 79] . Both their size (100 nm) and the coat thickness (18 nm) are larger than in COP vesicles [80] . Clathrin is mainly involved in transport from GC or from the plasma membrane to the endolysosomal system [81] . In the Golgi area, clathrincoated vesicles and buds are associated with the trans-most Golgi cisterna and TGN [28] , where it is involved in the export of mannose-6-phosphate receptors carrying newly synthesized lysosomal enzymes [82] . Clathrin is a protein complex formed by three heavy and three light chains that assemble to make a basket-like structure, made up of pentagons and hexagons [83] . Their association with membranes and the recruitment of cargo is mediated by adaptor complexes. Clathrin binds a variety of adaptor complexes involved in different transport events. In humans, four ubiquitously expressed adaptor complexes (AP1-4) and three Golgilocalized -ear-containing ARF-binding proteins (GGA1-3) have been identified. AP2 is restricted to the plasma membrane, where it is involved in endocytosis, whereas GGAs and AP1-4 are located at the TGN and/or in endosomes [17] . At the TGN, AP1, and CGA proteins recognize specific signals 4 ISRN Cell Biology present in mannose-6-phosphate receptors and contribute to the sorting of these receptors, which their cargo hydrolyses into clathrin-coated vesicles [82] . AP1, AP3, and AP4 (in this case independently of clathrin) are involved in the sorting of lysosomal membrane proteins at the TGN. In polarized cells, AP1, AP3, and AP4 are involved in the sorting of basolateral membrane proteins, but probably through a clathrinindependent mechanism [84] . The binding of cargo and adaptor recruits clathrin, which provides the scaffold for the invagination of the membrane forming a coated pit. Fission of the vesicle requires the activity of the GTPase dynamin [85] , whereas vesicle uncoating depends on recruitment of the chaperone Hsc70 by the nerve-specific auxilin or the ubiquitous GAK [86] .
COPII-and COPI-coated vesicles are morphologically very similar. They are 50-60 nm in diameter with a 10 nmthick coat. However, their composition, location, and role in transport differ. The COPII coat is formed of five proteins: Sec23, Sec24, Sec13, Sec 31, and the GTPase Sar1 [87, 88] . These proteins are soluble in the cytosol but associated to form coated buds at the ER. Sar1 is the first component recruited in ER membranes. This binding depends on the activation of this GTPase by Sec12, a guanine nucleotide exchange factor (GEF) present in ER membranes [89] . Sar1 recruits the Sec23/Sec24 heterodimer and then the Sec13/ Sec31 complex [90] . During this process some proteins are selectively recruited in COPII vesicles [91] , whereas others enter unspecifically, a process known as bulk flow [92] . The size of the COPII vesicles can be adapted to a bulky cargo. TANGO 1 is an adaptor protein that helps collagen VII to enter into vesicles [93] . Recently, it has been shown that ubiquitination of Sec31 regulated the formation of large COPII vesicles [94] . The role of COPII in ER-to-Golgi transport is well established. In specific places of the ER, the ER exit sites, this coat complex drives the formation of free coated vesicles containing cargo. These are quickly uncoated and fuse to each other to form the so-called endoplasmic reticulum-Golgi intermediate compartment (ERGIC) or vesicular-tubular aggregates (VTCs) [95] . This compartment is formed of tubulovesicular elements located close to the GC and distributed throughout the cell, and is associated to ER exit sites [96] . This compartment was initially identified because the cargo accumulated in these elements when cells are cultured at low temperature (15 ∘ C) [97, 98] . At the ERGIC, the COPI coat mediates the recycling of proteins back to the ER, while anterograde cargo is separated and concentrated. It is not clear whether the ERGIC is a stable and static compartment or, conversely, whether it works as a carrier [99] . The fact that the proteins associated with this compartment are not resident but cycling between the ER and Golgi argues against the idea that it is a stable compartment. This is the case with ERGIC-53, a type I transmembrane protein of the lectin family, which is the prototypical marker of this compartment [100] . Anyway, ERGIC elements or ERGIC-derived carriers move to the Golgi area along the microtubule track and, there, they may fuse to each other to form the CGN or, conversely, fuse with a preexisting cisterna [101] .
COPI-coated vesicles are found in peripheral and central ERGIC elements, cis and lateral Golgi sides [80] and, occasionally, at the trans-Golgi side/TGN [102] . COPI-coated buds are observed at the lateral rims of cisternae, decreasing in number in a cis to trans direction [28] . COPI and clathrincoated areas have been observed in immature secretory granules [92] . The function of the COPI coat in the Golgito-ER retrograde transport of soluble and membrane proteins has been convincingly demonstrated [103] . However, there are retrograde routes to the ER independent of COPI [104] . COPI has also been associated with the anterograde and retrograde intra-Golgi transport of cargo and resident enzymes, respectively, although this role remains highly controversial (see below). COPI coats are also involved in Golgi fragmentation during mitosis, Golgi positioning, lipid homeostasis, and endocytic routes [105] . It is possible that there are several subpopulations of COPI vesicles with different compositions and locations, each carrying out its specific functions [106] . The discovery and characterization of COPI vesicles data from the early 1980s when transport intermediates were analyzed in cell-free experiments, incubating Golgienriched membranes with cytosol and GTP S [107, 108] . COPI coats are formed of seven subunits ( , , , , , , -COP) assembled in the cytosol, where they form a complex named coatomer [109] and the small GTPase ARF1 [110] . ARF1 cycles between GDP-and GTP-bound forms [111] . GTP-bound ARF1 binds to membranes and recruits the coatomer en bloc, resulting in membrane deformation. Like all small GTPases, the activity of ARF1 is regulated by guanine nucleotide exchange factors (GEPs) and GTPase-activating protein (GAP). GEF catalyzes the exchange of GDP with GTP. Golgi-associated BFA-resistant protein (GBF1) is the major GEF for ARF1 during COPI vesicle formation in the Golgi membranes and is the target of the drug brefeldin A [112, 113] . Brefeldin A blocks the ARF1-GEF complex inhibiting the formation of ARF1-GTP and triggering Golgi disassembly. ARFGAP proteins stimulate the GTP hydrolysis of ARF, which has low intrinsic GTPase activity [114] . It has been postulated that this reaction triggers uncoating [115] , but this point is under discussion [116] . The proteins BARS and endophilinB seem to be necessary for the fission of COPI vesicles. Interestingly, ARFs have a role in the recruitment and activation of lipid-modifying enzymes. In addition, ARFGAP1, the first identified GAP for ARF1, is a membrane curvature sensor [117] . Cargo inclusion requires GTP hydrolysis [118] . For cargo sorting, coatomer recognizes dibasic sequences [105, 119] . Many transmembrane proteins transported into COPI vesicles bear dilysine motifs at their Cterminus [120] , including ERGIC-53 [121] . The coatomer subunits, -and -COP, bind this signal directly [122] . The p24 family of proteins (23-24 kD transmembrane proteins) are recruited by direct interaction of their cytoplasmic tail which contains phenylalanine-and dilysine-based signals, to coatomer [123] . However, not all cargo incorporated in COPI vesicles have this sorting signal and may require adaptors. One example is the KDEL receptor, a transmembrane protein mostly present in the cis Golgi and ERGIC that works as an adaptor for soluble proteins. It interacts with the coatomer through a dilysine motif in the cytosolic tail whereas the luminal part interacts with soluble proteins bearing a K-D-E-L sequence (HDEL in yeast), a sequence found in many ISRN Cell Biology 5 ER-resident proteins [124, 125] . In this way, soluble proteins that have escaped from the ER are retrieved. Glycosylation enzymes may also require cargo adaptors [105] .
Transport Carriers: Tubules and Heterogenic Elements
For a long time, it was assumed that membrane traffic is mediated by coated vesicles. Although they play a key role in many steps of the transport, it is possible that coated vesicles just represent a fraction of the intermediate transport carriers operating in the secretory pathway [126] . Tubular elements, on the other hand, have been associated with all steps of the secretory pathway (Polishchuk and Mironov [52] ). The transport of soluble [127] and transmembrane [99] cargo from pre-Golgi elements to the Golgi is mediated by tubules. Tubules are 20% of the elements operating at the ER-Golgi interface [128] . Post-Golgi carriers may also have a tubular form [129, 130] . In fact, the TGN itself is often formed by a network of branching tubules. Tubules are also involved in intra-Golgi transport. The GC is associated to an extensive network of 30 nm-thick tubules connected to the lateral edges of the stacked cisternae and may extend a considerable distance from the stacks [57] . Golgi tubules were already observed in the first electron microscopical observations of this organelle [25] . Early studies showed tubular elements emerging from the Golgi stack and TGN, connected to cisternae or oriented towards the cytoplasm [26, 27] . Hermo and coworkers [131] described tubular connections between cisternae in the cis side of the Golgi apparatus of spermatids. Despite this, tubules were almost forgotten in the field for decades probably due to the difficulty of identifying them in bidimensional electron micrographs (they only can be identified in longitudinal sections). This was exacerbated cisternal maturation model being abandoned in favor of the vesicular transport model. Research into these elements increased with the introduction of the drug brefeldin A in the study of the GC. This drug induces extensive tubulation of this organelle. Although this system is artificial, it has been postulated that brefeldin A exaggerates the natural process of retrograde transport. However, in contrast with normal conditions, this transport occurs only after the dissociation of COPI coats from the GC. The development of new methodologies, such as timelapse confocal microscopy or electron tomography, has reintroduced the idea that tubules are transport intermediates. Time-lapse analysis of living cells has shown tubules emerging from the GC [132] containing GFP-tagged resident enzymes [133] or cargo [101, 134] . Electron tomography confirms that these elements are commonly associated to the GC [28, 135] . In NRK cells, there are tubules that emerge from cis and trans cisternae, suggesting that they are involved in incoming and outgoing Golgi trafficking. Tubules may grow from all cisternae and may extend towards CGN and TGN. Interestingly, one single cisterna may contain tubules oriented to both cis and trans faces [28] . In cells stimulated to increase the secretion rate, tubular connections between cisternae are evident [136, 137] , but these connections disappear when cargo has left the GC. Thus, tubules might replace vesicles when there is an excess of cargo. Tubules may also participate in the recycling of Golgi resident enzymes. Under low temperature (15 ∘ C) conditions, many tubules emerge from the GC of HeLa cells. These tubules are enriched in Golgi-resident enzymes and a specific set of SNARE and Rab proteins associated with intra-Golgi transport and contain neither retrograde nor anterograde cargo [138, 139] . This type of tubule can also be observed under physiological conditions and they are good candidates for being considered transport intermediates at the Golgi level. Several types of tubules with different functions may well exist.
The molecular machinery involved in the formation of Golgi tubules is just beginning to be known. Based on brefeldin A experiments, tubular formation at the GC has been related with the loss of COPI coats [140, 141] . GTPbound ARF1 is able to induce Golgi tubules by insertion of the amino-terminal amphipathic helix [142] . Microtubuleassociated motor proteins are sufficient to induce tubules from Golgi membranes [143] . Some lipidic species, such as phosphatidic acid, diacylglycerol, and lysophosphatidic acid, favor the curvature of membranes. Thus, enzymes associated with lipid metabolism play a key role in tubular formation. Lysophosphatidic acid generated by the enzyme phospholipase A2 has been involved in the retrograde transport mediated by tubules [144, 145] . Agonist and antagonist of this enzyme increase or inhibit tubular formation, respectively. This enzyme is involved in the formation of tubular continuities between cisternae [146] and tubular transport intermediates at the TGN [147] . The formation of transport carriers at the TGN is also diacylglycerol dependent. This lipid is necessary to recruit protein kinase D, a regulator of the fission of transport carriers [54, 148] . Diacylglycerol has also been involved in Golgi-to-ER retrograde transport mediated by tubules [149] . Phosphatidic acid has been involved in intraGolgi transport [150] . Interestingly, two lipid-modifying enzymes, lysophosphatidic acid acyltransferase-and phospholipase A2-which promote or inhibit COPI fission, respectively, work together, regulating the morphology of Golgi carriers [151] . On the other hand, the morphology of pre-Golgi tubules depends on the cargo [128] , COPI coats, microtubules, and associated motor proteins [152] , and also the activity of ARF and phospholipase A2 [153] . Thus, similar machineries may be operating at different levels of the secretory pathway. Interestingly, live cell imaging shows that preGolgi elements may change their morphology very quickly from vesicular to tubular form and vice versa [152] .
Apart from the tubules, other transport intermediates of heterogeneous morphology have been described. Polishchuk and coworkers [154] described the formation of large tubulosaccular elements involved in the microtubule-dependent transport from the TGN to the plasma membrane. The same group has described heterogenic membranes involved in ERto-Golgi transport [155] . Very large pleiomorphic membranebound elements have also been associated with transport in the early secretory pathway [156] . It seems that there are different classes of transport carriers depending of the amount or type of cargo.
Molecular Machinery
In recent decades, a huge amount of information has been accumulated about the molecular machinery involved in the regulation of the intercompartmental transport in the secretory pathway. Most data refer to vesicles as transport carriers but it can be assumed that the same or similar mechanisms operate for other carriers. If the formation of vesicles and the selection of cargo depends on the coat machinery, the specific targeting and fusion of the carriers with the target membranes depends on tethering factors, Rab and SNARE proteins, and other accessory proteins [157] . In a simple model, the rabs on incoming vesicles recruit tethering factors which permits SNARE complex formation.
SNAREs (soluble N-ethylmaleimide-sensitive factor attachment proteins receptors) proteins are involved in docking and the specific fusion of transport intermediates with the target membranes [157] [158] [159] . The SNAREs associated with vesicles (or other transport intermediates) and target membranes have been named v-and t-SNARE, respectively. This terminology, however, is not useful for describing homotypic fusion events. Structurally, SNAREs have been divided into R-and Q-SNAREs according to the central residue (R/Gln or Q/Arg, resp.) of the SNARE domain, a conserved region of 60-70 residues found in all members of this family. Although there are some exceptions, v-SNARE and t-SNARE are R-SNARE and Q-SNARE, respectively. Interaction between one v-SNARE and two/three t-SNARE induces the formation of the trans-SNARE complex which catalyzes the fusion of the membranes. SNARE proteins are sufficient to drive membrane fusion so that they are considered the minimal membrane fusion machinery. After fusion, a cis-SNARE complex is formed in the target membranes. This complex is later disassembled by the action of the cytosolic proteins -SNAP (soluble N-ethylmaleimidesensitive factor attachment protein) and the ATPase NSF (N-ethylmaleimide-sensitive factor). Now, v-SNARE can be transported back to the donor compartment to be reused. Several SNARE complexes working at the secretory/endocytic pathway have been identified. In mammalian cells, two SNARE complexes have been implicated in intra-Golgi transport [160] . A complex is formed of v-SNARE GS15 and the t-SNAREs syntaxin5, GOS28 and Ykt6, is involved in COPI-dependent intra-Golgi transport. The second complex is formed of syntaxin 5, membrin (GS27), ERS24/Sec22, and rBet1, the last one acting as v-SNARE. This second complex has been also involved in the fusion ER-derived elements with the cis-Golgi and possible intra-Golgi transport. The distribution of these SNAREs across the Golgi stack is different. Thus, in general, the components of the first complex increase in concentration toward the trans side, whereas the components of the second complex decrease [161] , supporting the idea that these complexes mediate transport events in opposite directions. Syntaxin 5, which is present in both complexes, is distributed homogeneously through the stack. SNARE complex assembly is regulated by SM (Sec1/ Munc18) proteins, a family of cytosolic proteins. Sly1 I is the only member of this family operating at the ER-Golgi area, where it interacts with syntaxin 5 and syntaxin 18, at the Golgi and ER, respectively, and controls anterograde and retrograde transport between these compartments [162] .
Rab proteins are a family of small GTPases regulating membrane transport by recruiting effector proteins [159, 163] . They are localized at the cytoplasmic face of secretory and endocytic compartments and carriers, and they have been implicated in vesicle budding, uncoating, mobility and transport. Rab switches between an active form (GTP-bound) and a cytosolic inactive form (GDP-bound). Rab proteins in the GTP-bound form are reversibly associated with membranes by geranylgeranyl groups, recruiting a variety of effectors, including sorting adaptors, tethering factors, kinases, phosphatases, and motor proteins [163] . The replacement of GDP by GTP is facilitated by guanine nucleotide exchange factors (GEFs), and their low intrinsic GTPase activity is enhanced by GTPase-activating proteins (GAP). Further regulation of the GTP/GDP state and membrane association is provided by GDP dissociation inhibitor (GDI) and GDI displacement factors (GDFs). Rab protein is a large family, including more than 60 members in humans and 11 in yeast, which are specifically associated with distinct compartments and transport events [163] . Thus, Rab proteins have also been associated with the control of membrane identity by controlling local levels of phosphoinositides, which, concomitantly, may recruit specific proteins to certain compartments [164] . The association of Rab proteins with specific membranes is guided by Rab escort protein (REP) which presents newly synthesized Rab to geranylgeranyl transferase before targeting the membranes. The Golgi-associated Rab family playing a key role in Golgi maintenance and functioning includes Rab1, Rab2, Rab6, Rab33B, Rab18, and Rab43 [165] . Rab1 and Rab2 are involved in ER-to-Golgi transport. Rab 1 is also very important for Golgi ribbon maintenance. Interestingly, the levels of expression or the distribution of this small GTPase is affected in neurological disorders that show fragmentation of the Golgi ribbon [166] (Rendón et al. [167] ). Rab6, and more specifically the Rab6A/A' isoform, is the most widely studied Golgi-associated Rab protein [168] . It is important for maintaining Golgi structure and also for regulating transport in and out of the GC, including a COPI-independent Golgito-ER transport [169] . It is also associated with post-Golgi carriers where it recruits motor proteins [170, 171] and also regulates the docking and fusion with the plasma membrane [172] . At the Golgi stack, it anchors the tethering factors necessary for attaching incoming vesicles. The organization of the Golgi ribbon, the regulation of the number of cisternae in the stack and transport of coated vesicles is also associated with Rab6 and effectors [173] . Rab33B is localized specifically in the medial Golgi [174] , where it is involved in Golgi-to-ER retrograde transport [175] . Interestingly, Rab6A recruits specific GEF that also interacts with Rab33B connecting these Rabs in a Rab cascade [176] . Most probably, Rab6 and Rab33B work together in the regulation of intra-Golgi and Golgi-to-ER transport [165] . Less information is available about Rab43 and Rab18 but they are also thought to be involved in ERGolgi trafficking and Golgi organization.
Tethering factors are a group of membrane-associated proteins or multisubunit complexes that link transport vesicles with the target membranes to ensure correct docking and 7 fusion. They have recently been classified into three classes: oligomeric complexes that work as Rab effectors and binds SNARE, oligomeric complexes that function as GEFs for Rab proteins and, finally, coiled-coil tethers [177] . Proteins with extensive coiled-coil domains are long, allowing long distance tethering. These bridges not only facilitate the formation of SNARE complexes, but also may provide an initial specificity for membrane fusion. Members of this family associated with the Golgi are called golgins [178] . In addition to tethering, they have a role in Golgi stacking and form the Golgi matrix. This family includes p115 and GM130, the first of which is associated with COPI and COPII vesicles, the ERGIC, and cis-Golgi membranes. This protein is believed to be involved in tethering of COPII vesicles to ERGIC membranes and the transport events from these elements to the cis-Golgi. It is also possible that it participates in transport between cisternae. The recruitment of p115 to membranes is Rab1 dependent. It also interacts with ER-Golgi SNAREs, COG subunits, and other coiled-coil proteins such as GM130 and giantin. The significance of the last interaction is not clear. GM130 is another coiled-coil protein associated with the cis Golgi. It interacts with many proteins including GRASP65, p115, Rab1, Rab2, Rab33b, and sintaxin5. P115 and GM130 are members of the family of golgins, which were first identified as Golgilocalized autoantigens using antibodies derived from the sera of patients with a variety of autoimmune disorders. As indicated above, GM130 and p115 are also components of the Golgi matrix. Apart from their role as tethers, together with other members of the golgin family such as GRASP65 and giantin, they are involved in maintaining the stacked morphology of the cisterna and the Golgi ribbon [179] .
Multisubunit complexes associated with the Golgi include Dsl1, COG, and TRAPPI/II [177] . Dsl1 is a three-unit complex involved in Golgi-to-ER transport, where it acts as tethering COPI vesicles. It interacts and stabilizes an SNARE complex at the ER. The conserved oligomeric Golgi (COG) complex formed of 8 subunits (Cog1-8) found at the cis-and medial Golgi cisternae is believed to be involved in transport to the Golgi and intra-Golgi recycling of Golgi resident proteins [180] . Components of this tethering factor interact with COPI components, SNARE proteins (syntaxin 5), and coiled-coil tether (p115), and are the effectors of several Rab proteins (Rab1, Rab6). Transport protein particle (TRAPP) is another multisubunit complex that works as tethering factor [181] . Two complexes have been identified, TRAPP I and TRAPPII, which are involved in entry and exit from the GC, tethering COPII, and COPI vesicles, respectively. They work as GEF for Rab1 and the activation of this GTPase might recruit other tethers (as p115 or COG) [177] . However they do not interact directly with SNAREs. It is possible that there is a cascade of tethering factors that facilitates cargo transport.
Intra-Golgi Transport
The mode of transport across the GC remains controversial. Two main models have been proposed: vesicular transport and cisternal maturation. The first one proposes that Golgi cisternae are static so that the cargo must move via vesicles. The second model support that cisterna are dynamic structures that move from the cis to trans Golgi side. Thus, according to this model, the entire cisterna is the carrier. In these models, COPI-coated vesicles are responsible for anterograde and retrograde transport, respectively (Figure 3 ). Since neither of these models explains all the experimental data, a combination of the same models and new models have been proposed (see below).
Vesicular Transport Model.
This model was launched by Palade in 1975 and was widely accepted for many years because it provides a good explanation for the well-known compartmentalization of the Golgi resident enzymes. In this model, it is assumed that cisternae are stable compartments so that the cargo must leave one cisterna and move to the next in order to advance through the stack. This process is mediated by vesicles. The model was strongly supported by the discovery of COPI and COPII vesicles [182] . COPI were identified in in vitro assays as being responsible for anterograde transport between cisterna [107] . In these cell-free experiments, when the formation of COPI was inhibited, anterograde was blocked [183, 184] . On the other hand, it was clearly demonstrated that COPII vesicles are involved in ER exit and transport to the GC [87] . Soon it was assumed that COPII and COPI vesicles act sequentially in the early secretory pathway, that is, ER-to-Golgi and intra-Golgi transport, respectively. However, new experimental data cast doubt on the model. First of all, a clear role of COPI vesicles in retrograde transport was demonstrated [120, 185] . To fit these data with the model, it was postulated that there were two types of COPI vesicles involved in anterograde and retrograde transport at the Golgi stack [186] . "Percolating" COPI vesicles may move bidirectionally up and down in the stack in a random way but allowing a net rate of flow of anterograde cargo in the cis-to-trans direction [187] . However, immunocytochemical [188] and proteomic [9] analysis of these vesicles showed that they are mostly devoid of anterograde transport markers. Thus, the role of COPI vesicles remains controversial [189] . The small number of Golgi-associated SNARE and Rab proteins also argues against multiple fusion events between vesicles and every cisterna in the stacks. One problem is that this model does not explain the transport of large cargo, such as procollagen (300 nm rigid rod) [190] or algal scales (up to 1.5-2 m) [191] , within 50-60 nm vesicles. Interestingly, scales, which are electron dense and can be easily visualized, are not observed within vesicles. The existence of megavesicles transporting large (>400 nm) protein aggregates has been described in an artificial system [192] but it is not clear that this a general mechanism used by nonmodified cells [190] .
Cisternal Maturation Model.
This model was postulated in the earlyépoque of electron microscopy [193] and updated as cisternal progression-maturation model [190, 194] . According to this model, cisternae are formed at the cis side of the GC by fusion of ER-derived membranes and then, these newly formed membranes move from the cis to the trans side, where they become post-Golgi carriers. Thus, newly formed cisterna gradually displaces older cisternae towards the trans side. In this model, it is not necessary for the cargo to leave the cisterna and the whole cisterna is taken to act as a carrier. This model explains the transport of large cargo and an analysis of procollagen transport fits this model very well [190] . These large molecules are detected in large distensions at the lateral edge of the cisterna in their transit through the stack. These distensions are always connected to the cisterna so that procollagen is not transported by large vesicles. In contrast, the model does not explain the polarity of the stack and what happens with resident enzymes when cisternae disappear at the trans side. To overcome these problems, it was assumed that Golgi resident enzymes are packed into COPI vesicles during cisternal progression and transported backwards. Thus, Golgi enzymes are not lost but recycled in a trans-to-cis direction, maintaining the polarity of this organelle [195] . The cisternae mature by acquiring and then losing specific Golgi-resident proteins. The presence of Golgi resident enzymes in COPI vesicles has been demonstrated [188] although their relative concentration is controversial. Life cell imaging studies in yeast strongly support this model. In Saccharomyces cerevisiae, the Golgi is not stacked, so that individual cisterna can be analyzed separately. Using cis and trans Golgi markers it was directly demonstrated that cisternae mature (i.e., the apparently conversion of one type of cisterna into another) [196, 197] . The cisternal maturation model seems to be more efficient given that it would seem easier to transport anterograde cargo using a large carrier (the cisterna) than to use many small vesicles between adjacent cisternae and repeating this process several times until reaching the TGN. It is also intuitive that peri-Golgi vesicles should be restricted to more selective and smaller trafficking, the retrograde pathway.
Alternative Models.
Given that none of these models completely explains all the experimental data, new models have been postulated, although some of them are variations of the two main models.
Dual transport model: one possibility is that these two models are not mutually exclusive but rather complementary and working simultaneously [198] . Cisternae may move slowly, whereas vesicles transport anterograde and retrograde cargo more rapidly. Large molecules may use the cisternal maturation mechanism while small molecules can be transported using vesicular transport [186, 198] .
Rapid partitioning model. This model is based on the rapid partitioning of transmembrane cargo and resident enzymes between two lipid phases. According to this model, the GC works as a single compartment but contains processing and export domains [199] . When the cargo reaches the Golgi, it associates with these domains and then leaves the compartment from every level. Again, this model has difficulty in explaining the polarity of the cisternae and does not help visualize the Golgi stack as a single compartment.
Kiss-and-run model. This model is based on mechanisms operating in other systems such as endosomes and lysosomes. This model proposes that two cisternae may fuse to each other through narrow tubules, connecting their lumens transiently, and allowing the transit of cargo before separating [200] . In this model, anterograde transport and retrograde transport occur simultaneously and a specific retrograde pathway is not necessary. This model may explain several aspects of Golgi transport, including the transport of large molecules. However, some assumptions of the model need to be confirmed (i.g. machinery and mechanisms for the fusion and fission of connections). It is also not clear how all the experimental data about the role of COPI coats in retrograde transport fit this model.
Intra-Golgi transport mediated by tubules. The absence of cargo in COPI vesicles suggests that other transport intermediates such as tubules may operate at the GC. As mentioned above, tubules are a common structure surrounding the stack. Tubules may be involved in the anterograde movement of cargo through this organelle. The ER and all cisternae may be directly connected by tubules and cargo might move along the secretory pathway like food through the gut [201] . In fact, conditions that stimulated protein secretion increase the number of tubular connections between cisternae [136, 137] . Conversely, tubules may establish transient connections between compartments, helping COPI vesicles to transport Golgi enzymes retrogradely as indicated by the cisternal maturation model [46] (Figure 3 ). Cisternal maturation in yeast occurs, although slowly, without COPI vesicles, suggesting that tubules may replace them [197] . Low temperatureinduced Golgi tubules are enriched in Golgi enzymes and SNARE and Rab proteins involved in intra-Golgi transport, whereas they exclude other proteins associated with ERGolgi transport [139] . Whether the tubules found in this model are representative of the carriers involved in intraGolgi transport remains to be established.
Concluding Remarks
A century after the discovery of the "apparato reticolare interno" [202] , it is clear that no model for intra-Golgi transport explains all the experimental data. But it is also true that the "high polarity" that exits the field has stimulated intense research. Recently developed high-resolution methodologies may give important clues in this respect. Of special interest is the analysis of the structure and composition of tubular and vesicular carriers. High-resolution immunocytochemical techniques in combination with electron tomography, as well as proteomic analysis of highly purified samples, may solve the problem or at least definitively reject some models. In the end, it is possible that each cell type, depending of its special characteristics, uses a given mechanism of intra-Golgi transport. It also remains possible that a single cell uses different mechanisms of intra-Golgi transport, depending on the amount and type of cargo or its physiological status. Meanwhile cisternal maturation in combination with tubular transient connections is a very attractive and intuitive model that seems to fit most experimental data.
